Abstract The objectives of this study are to model the relative effects of positive (childhood intelligence) and negative (magnetic resonance imaging (MRI)-derived white matter hyperintensities (WMH)) predictors of late-life intelligence in two well-characterised normal cohorts aged 68 and 78 and to measure the influence of hypertension on WMH and lifelong cognitive change. The Scottish Mental Surveys of 1932 and 1947 tested the intelligence of almost all school children at age 11. One hundred and one participants born in 1921 and 233 participants born in 1936 had brain MRI, with measurement of WMH using Scheltens' scale, and tests of late-life fluid intelligence. Structural equation models of the effect of childhood intelligence and brain WMH on the general intelligence factor 'g' in late life in the two samples were constructed using AMOS 18. Similar models were constructed to test the effect of hypertension on WMH and lifelong cognitive change. Fluid intelligence scores were lower and WMH scores were higher in the older samples. Hypertensive participants in both samples had more WMH than normotensive participants. The positive influence of childhood intelligence on 'g' was greater in the younger sample. The negative effect of WMH on 'g' was linear and greater in the older sample due to greater WMH burden. The negative effect of hypertension on lifelong cognitive ageing was all mediated via MRIderived brain WMH. The positive relationship between AGE (2012) 
Introduction
Understanding factors that interact to increase the risk of dementia requires a life-course approach to cognitive ageing (Singh-Manoux and Kivimaki 2010) . Late-life intelligence is influenced by positive and negative factors acting at different stages across the lifespan (Salthouse 2010) , modification of which might prevent, postpone or mitigate against dementia (Wang et al. 2002) . Childhood intelligence is the strongest predictor of late-life intelligence and accounts for about 40% of the variance in intelligence at age 78 . Magnetic resonance imaging (MRI)-detected white matter hyperintensities (WMH) (Young et al. 2008 ) are associated with vascular risk factors (Murray et al. 2005 ) and with reduced cognitive ability and dementia in older adults (Leaper et al. 2001; Firbank et al. 2007 ). We previously found that WMH contribute 14% of the variance in cognitive ability at age 78, that WMH are linked to hypertension , and it is now widely accepted that WMH are an imaging biomarker of vascular disease (Kearney-Schwartz et al. 2009 , Raz et al. 2007 , Fischer et al. 2007 ).
Cross-sectional investigations into the relationship between hypertension, WMH and late-life cognition are limited by difficulty in controlling for prior cognitive ability (Leaper et al. 2001 , Wright et al. 2008 , Breteler et al. 1994 . While longitudinal population-based studies confirm the negative effect of WMH on cognitive ageing (Silbert et al. 2008 , Gouw et al. 2008 , it is unclear whether WMH in late midlife, are as detrimental to the lifelong cognitive trajectory as in the eighth decade.
We have access to two samples, aged 68 and 78 years, whose pre-morbid cognitive abilities were measured in childhood, allowing us to control for original cognitive ability and to measure the influence of key variables on lifelong cognitive ageing. Furthermore, these samples underwent identical study protocols, allowing comparative modelling of the influences on their intelligence to be performed.
The aims of this study were to model the relative effects of the main positive (childhood intelligence) and negative (WMH and hypertension) predictors of late-life intelligence in two cohorts at different ages.
Methods

Scottish mental surveys and Aberdeen birth cohorts
The Scottish Mental Surveys (SMS) of 1932 and 1947 assessed the mental ability of almost all (>95%) children born in 1921 and 1936 and at school on 1st June 1932 or 4th June 1947 (Deary et al. 2008a 
ABC21 cohort recruitment and participation
In 1998-1999, 350 local survivors the SMS of 1932 were invited to participate in a longitudinal study of cognitive ageing and health. Details of this study are available elsewhere . Briefly, 281 participants, aged 78-79, identified through childhood intelligence records volunteered to take part, and of these 231 were healthy enough to enter the study. One hundred forty participants were invited at random to undergo MRI and 119 agreed. Exclusion criteria were neurological disease, dementia, claustrophobia or body metal and were present in 17. Of those who completed MRI, one participant's images were excluded due to movement artefact. Imaging data for 101 individuals were available for analyses. The recruitment, selection and attrition of the group are shown in Fig. 1 .
ABC36 cohort recruitment and participation
From 2000-2002, we recruited 483 local survivors of the SMS of 1947, born in 1936, into a longitudinal study of cognitive ageing and health using the same study design. Details of the ABC36 protocol are available elsewhere (Starr et al. 2007 ). In 2004, 319 participants, selected at random, were invited to undergo MRI. The same exclusion criteria were applied; 243 participants agreed to brain MRI, aged approximately 68 years. Imaging data were available for 233 participants and were used for analyses. The recruitment, selection and attrition of this group are shown in Fig. 2 .
Cognitive testing
Due to the study design, by definition, age 11 MHT scores were available for all participants (Scottish Council for Research in Education 1933). A psychologist administered the following neuropsychological tests in later life: Raven's Progressive Matrices (RPM), (Raven 1960) , a non-verbal reasoning measure of fluid intelligence; the Auditory Verbal Learning Test (AVLT) (Rey 1964 ) a measure of immediate and delayed verbal memory; the Uses of Common Objects (UCO) test, a measure of executive function or purposive action (Guilford et al. 1978) and the Digit Symbol test (DS), (Wechsler 1997) , a measure of processing speed, attention and visual short-term memory.
Cognitive test score availability
Of 101 ABC21 participants, 98 completed RPM, 93 completed AVLT, 88 completed UCO and 87 completed DS. Eighty-two participants completed all tests. Of the 233 ABC36 participants, 226 completed RPM, 218 completed AVLT, 215 completed UCO and 213 completed DS. Two hundred eleven participants completed all tests.
Extraction of g
The mental tests described above (RPM, AVLT, UCO and DS) are all significantly and positively correlated with each other. The first un-rotated principal component or general cognitive factor ('g'), used to describe the variance shared between tests, was extracted using principal components analysis. The cognitive scores for both cohorts were combined and data reduction performed. The first un-rotated principal component ('g') accounted for 50.2% of the variance in the scores for all subjects. The component loadings were RPM=0.74, AVLT=0.66, DS=0.78 and UCO=0.65, the standardized variable was multi- plied by 15 and added to 100 to create an IQ like score.
Hypertension
Systolic and diastolic blood pressure values were measured after the participant sat resting for 5 min in a warm and quiet room. The mean of three measurements was used for classification. In addition to 43 participants in ABC21 and 73 participants in ABC36 with previously diagnosed hypertension, eight ABC21 and six ABC36 participants had untreated hypertension with systolic blood pressure of more than 150 mmHg and diastolic blood pressure of more than 95 mmHg; thus, 50 (50%) of 101 ABC21 and 79 (34%) of ABC36 were defined as hypertensive.
Brain MRI acquisition and image analysis
Brain MRI was obtained in ABC21 from 1999-2000 using a 1.0 T Magnetom Impact (Siemens, Erlangen) with a T2 weighted fast spin echo axial sequence (TR/ TE, 4,000/96; slice thickness, 5 mm; space, 1.5 mm (Hoyle and Panter 1995) , the goodness of fit for each model was assessed using chi-square to degrees of freedom ratio (Cmin/df), the Incremental Fit Index (IFI), and the Comparative Fit Index (CFI). A Cmin/ df close to 1 and values greater than 0.95 for the IFI and CFI are considered to reflect an acceptable model fit. In addition, the Root Mean Square Error of Approximation (RMSEA) was reported, where a value less than 0.05 indicates a close fit. Table 1 shows that the male/female ratio was similar in ABC21 and ABC36. MHT scores age 10.5-11.5 in the ABC36 sample were higher than those in ABC21. Of the tests taken in late life, all scores except AVLT were lower in ABC21, who were around 10 years older at testing. Lesion burden was significantly higher in ABC21. Splitting each cohort by hypertension status and comparing WMH, we found that the hypertensive participants had significantly higher Scheltens' scores in both cohorts (p<0.05). Hypertensive participants also had generally poorer cognitive scores in both cohorts although DS score in ABC36 was the only one to reach significance. Table 2 shows significant positive correlations between all adult mental tests taken concurrent with brain imaging, with moderate to large effect sizes in both cohorts. In general, correlation between adult tests was stronger in ABC21. The correlation between age 11 MHT results and adult fluid intelligence was considerably greater in ABC36. There were negative correlations between WMH and fluid intelligence ability as measured by RPM, DS and UCO in ABC36 and between WMH and RPM and UCO in ABC21. There was no relationship between age 11 MHT and WMH in either sample. Using the method of Cohen et al., we found that the correlation coefficients for WMH/g were not different between cohorts (Cohen et al. 2003 ). The correlation coefficients for MHT/g were significantly different (p<0.05).
Results
Summary statistics
Correlations
Structural equation modelling
Model adjustment
Preliminary analysis and the modification indices software within AMOS indicated that the model fits would be improved if error terms associated with DS, AVLT and UCO were correlated. No other adjustments to the model were indicated by the analysis.
Model fit
The Cmin/df ratio of models 1 and 2 were 0.57 and 0.82, respectively, the IFI and CFI were 1, and RMSEA 0.00 for both models. These results indicated that the models provided an excellent fit to the data.
Regression weights
In models ( Fig. 3a and b ) WMH burden and childhood ability significantly contribute to late-life cognition in both cohorts. Hypertension did not independently contribute to late-life cognition ( Fig. 4a and b) .
Discussion
This study shows that the contribution of childhood intelligence to late-life ability significantly decreases between the ages of 68 and 78 years, after accounting for the effect of WMH burden on the brain. In addition, the results show that the effect of hypertension on late-life cognition is entirely mediated by the accumulation of WMH in the brain. This suggests that hypertension, in its self, does not influence lifelong cognitive change. The differences in WMH burden between the cohorts and the similarity in correlations and regression weights suggests that the effect of WMH burden on cognition is linear. The results show that the influence of childhood intelligence is greater in the younger sample (ABC36) and that this positive influence decreases with age. This has previously been reported in these cohorts, in a larger sample without imaging (Deary et al. 2004 ). This could be anticipated, since ABC36 are closer to childhood and the positive effects of education, intellectual engagement and occupational attainment. These activities are probably initiated in part by childhood cognitive abilities (Deary et al. 2008b) . Similarly, older participants have had longer to acquire negative influences on cognitive ageing, such as the accumulation of WMH, and are further away from the positive effects of occupational attainment. Brain WMH burden-as expected-has a significant negative effect on late-life cognition. Our analysis shows no significant difference between the cohorts, with standardized regression weights ranging from 0.18 to 0.25, implying that the impact of WMH burden is additive or linear. We have demonstrated that the main negative effect of hypertension on latelife ability is exerted through WMH, which can be viewed as the visible results of cerebrovascular disease on brain imaging. We found no direct association between hypertension and 'g'. This differs from our previous publication in ABC21. The discrepancy can be explained by the use of a more sensitive WMH assessment method, the Scheltens' scale, and it may well be that this more successfully captures the effect of hypertension that is cognitively important, than the less sensitive Fazekas scale.
Early-life risk factors for lower cognitive ability are known to include low birth weight, low parental cognitive ability, poor nutrition and environmental stress (Puga et al. 2009 ). The same factors are related to a higher incidence of vascular disease. The Developmental Origins of Health and Disease Hypothesis, proposes that early-life experiences, including in utero, determine disease risk throughout life and suggest that poor cognitive ability and hypertension share the same risk factors.
The de-differentiation hypothesis (Deary et al. 2004) suggests that the correlation between cognitive ability demonstrated on different tests in late life would increase with age. Our data support this hypothesis and indicate less individual difference in the ability of the participants in ABC21. This implies that measured ability on individual tests is closer to 'g'. This is entirely consistent with our hypothesis that cerebrovascular disease (or accumulated WMH burden) is becoming one of the over-riding influences on cognitive ageing in the older sample, with the result that fluid intelligence is reduced to a level driven largely by'g'.
The strengths of this study are the availability of a valid measure of childhood intelligence, providing a uniquely valuable baseline measure of childhood cognitive ability. The samples, ABC21 and ABC36, are well characterised and were recruited and assessed in the same way, by the same research team. The tests used were identical and provide a broad assessment of cognitive ability, largely fluid intelligence, recognised to be vulnerable to effects of ageing. The same experienced observer analysed all MRI data using a widely published method, excluding inter-observer variance. The advantage of a structural equation modelling approach over conventional linear regression is that it demonstrates both confirmation of a hypothesis of causality and strength of relationships.
However, potential weaknesses of this study should also be highlighted. Because this is an investigation comparing two historical cohorts, and not a true longitudinal study, it is not possible to state definitively that differences demonstrated between ABC21 and ABC36 are solely attributable to ageing. We have compared two cohorts who differed in age at testing by around ten years. While, because of consistency in other methods and measures, age is very likely to be the major determinant of differences demonstrated, other factors might have influenced results. People born in 1921 experienced greater deprivation in childhood than those born in 1936. Counter-intuitively, ABC36 participants who were children during World War II, received better nutrition, as a result of the food rationing regimen they experienced, than the participants of ABC21, who were children during the great depression. Cognitive ability age 11 years differed between the two cohorts, with ABC21 scoring a mean of 41.6 and ABC36 a mean of 45.1 on the MHT. This may reflect educational differences between 1932 and 1947 or indicate a true improvement in childhood ability. Although the two cohorts were imaged on different MRI scanners operating at different field strengths, the resulting MRI images were scored using the same method by the same observer, excluding interobserver variance. The measured mean Scheltens' score was higher (24.5 versus 15.3) in the older ABC21, as expected for a biomarker of an age-related pathology. Use of a visual semi-quantitative method of MRI assessment could be criticised as being prone to ceiling effects (van Straaten et al. 2006 ), but although voxel-based method may avoid this artefact, Scheltens' scale has been shown to be a robust method for assessing WMH (Kapeller et al. 2003) . The age of images acquired in the older sample precluded voxel-based image analysis.
Another potential weakness is lack of comprehensive modelling of all components of the metabolic syndrome and their influence on brain MRI and cognitive change. The metabolic syndrome, comprising impaired glucose tolerance, abdominal or central obesity, hypertension, hypertriglyceridemia and reduced high-density lipoprotein cholesterol, has been associated with age-related cognitive decline, mild cognitive impairment and dementia (both vascular and Alzheimer's disease) (see ) and ) for reviews). However, comprehensive data on these components was not available in the samples presented here.
Here, we have demonstrated that the positive relationship between childhood and late-life intelligence decreases with age and that there is a reciprocally greater negative effect of measures of cerebrovascular disease in the older sample. This provides insights into the relative influence of positive and negative contributors to cognitive ageing. Future work should examine whether the differences demonstrated here can be replicated in a longitudinal data set, should preferably use a voxel-based method of image analysis, include brain volumes and should measure sub-visible changes to brain structure using diffusion tensor imaging. Future work should also model the influence of components of the metabolic syndrome on brain structure and lifelong cognitive ageing.
